Metal-organic frameworks (MOFs) are porous hybrid materials composed of metal ions and organic linkers, characterized by their crystallinity and by the highest known surface areas. MOFs structures present accessible cages, tunnels and modifiable pores, together with adequate mechanical and thermal stability. Their outstanding properties have led to their recognition as revolutionary materials in recent years. Analytical chemistry has also benefited from the potential of MOF applications. MOFs succeed as sorbent materials in extraction and microextraction procedures, as sensors, and as stationary or pseudo-stationary phases in chromatographic systems. To date, around 100 different MOFs form part of those analytical applications. This review intends to give an overview on the use of MOFs in analytical chemistry in recent years (2017)(2018)(2019) within the framework of green analytical chemistry requirements, with a particular emphasis on possible toxicity issues of neat MOFs and trends to ensure green approaches in their preparation.
Introduction
Metal-organic frameworks (MOFs) belong to a subclass of 3D coordination polymers, formed by metallic clusters and organic ligands through coordination bonds [1] [2] [3] . These hybrid materials are characterized by their crystallinity, ultra-low densities, permanent porosity, the presence of accessible cages, tunnels and modifiable pores, and exhibit the highest known surface areas [4, 5] . Furthermore, they present adequate mechanical and thermal stability. The proper selection of certain metallic centers and specific ligands, together with a rational control of the synthetic approach, serve to design crystals with a controlled structure and topology, with the resulting MOF even being able to undergo post-modifications. This tuneability has resulted in the characterization of more than 80,000 MOFs [6] . Figure 1 schematically presents well-known MOFs structures to highlight their impressive versatility.
Given this group of interesting properties, it is not surprising that these tailorable materials have been incorporated into an impressive number of applications within different scientific fields: as photovoltaic materials [7] , in gas purification and separation [8, 9] , and gas storage systems [9, 10] , in catalysis [11] , in biomedicine [12] , etc. Analytical chemistry is not an exception; around a hundred MOFs form part of these studies [13] . MOFs are mainly involved in analytical chemistry as sorbents in analytical sample preparation methods [14] [15] [16] [17] [18] [19] , as stationary phases in analytical separation techniques [13, 17, 18, 20, 21] , and as sensors in spectroscopy and/or electroanalytical methods [22] [23] [24] . Figure 1 . The node-and-connector approach to prepare MOFs. The adequate selection of the organic linker (linear in the case of terephthalic acid) and connection geometry of the metal cluster lead to the desired topology. Each framework topology has its characteristic pore size and available surface. Current goals in analytical chemistry imply fulfilling as much as possible the requirements of green analytical chemistry (GAC) [25] [26] [27] . This way, the quality of an analytical method cannot link exclusively to its common quality features, e.g., accuracy, precision, detection limits, but it must also compile an estimation of method risks for the operator and for the environment [28, 29] . GAC enforces the development of methods that ensure the elimination (or minimization of the consumption) of highly toxic chemical reagents (particularly toxic organic solvents), the minimization of gases emissions, the minimization of effluents and solid wastes discharges, the reduction of analysis times and number of analytical steps, and the incorporation of automation to the procedures [30] [31] [32] . When direct analysis is not possible due to sample complexity or difficulty in the analytical determination, miniaturization of the analytical method is the most common approach to follow GAC trends [25, 32, 33] . In any case, the use of novel solvents and/or sorbents, with environment-friendly characteristics is another important trend associated with the GAC approach [34, 35] .
Considering the rapid expansion of the analytical chemistry field of MOFs, it is important to consider that these and future analytical MOF-based methods must be incorporated into GAC. From this perspective, environment-friendly methods based on MOFs should include (partially or all) the following aspects: green design and synthesis of MOFs, evaluation of toxicity issues of MOFs, and incorporation of MOFs in GAC methods, mainly in miniaturized procedures. This review article will place particular emphasis upon trends which ensure the use of green approaches in the preparation of neat MOFs and/or in their incorporation into less-harmful analytical chemistry methods, limiting the overview to articles published in the years 2017-2019. It is also important to highlight that the attention will center upon bare MOF crystals rather than MOFs-composites.
Green Considerations during MOFs Preparation

MOFs Design
The design of the MOF material constitutes a critical stage, primarily because the proper choice of metal centers and ligand connectivity is responsible of generating a particular crystal structure (a framework topology) with specific characteristics of pore size and window [36, 37] . Metal centers act as nodes of the framework, and are characterized by the number and direction of its connecting positions. In Figure 1 , for example, the Zn 4 O of MOF-5 is an octahedral node with six available connections located at the vertices of an octahedron. Ligands are characterized by their connectivity, or in other words, by how many metal centers can be linked. Thus, for example, in Figure 1 , the terephthalic acid is a linear rod-like connector. The adequate combination of linker and nodes produces a particular topology; in the case of octahedral nodes with linear linkers, a primitive cubic framework is produced. When an application is pursued for a MOF, that application's requirements have to be taken into consideration. Therefore, a sorbent is required for an analytical sample preparation method, the desired MOF should be able to adsorb and release the analytes, while being stable in different solvents. If the MOF is going to be a chromatographic stationary phase, other considerations such as adequate permeability and high mechanical and/or thermal stability are additional aspects of interest.
This section will only focus on those aspects concerning the MOFs design that directly relate with the GAC considerations (assuming the obvious pursue of other important characteristics from an analytical chemistry performance). The main aspects to be considered when fabricating greener and sustainable metal-organic framework materials include: (i) Proper selection of the metal and metal source (reducing toxic metals and byproducts); and (ii) Adequate selection of the organic ligand (to ensure safer synthetic procedures and sustainable MOFs). The requirements in the MOF design and synthesis to comply for GAC issues and analytical application needs are summarized in Figure 2 . MOFs are chemical and physical stable materials, but in the event of degradation or decomposition, there are concerns due to the quantities of metal released to the environment. Thus, low-toxicity metal ions are preferable in the synthesis of MOFs, such alkaline earth metals (Mg or Ca), or Mn, Fe, Al, Ti and Zr [38, 39] . Another consideration when selecting metals is the handling of their salts when preparing MOFs. Thus, metal nitrates and perchlorates have risks of explosion due to oxidation upon handling, while chloride may induce corrosion. Metal oxides and hydroxides only liberate water as by-products, and are therefore ideal inorganic reactants; however, these salts often exhibit insufficient solubility/reactivity [40] . Another strategy to avoid problems with the anions of the metal salts is the use of zero-valence metal precursors and recently, the syntheses of MIL-53(Al), HKUST-1 or ZIF-7 have been reported to undergo from elementary metal precursors [41] .
In any case, this general statement about ideal green metals for MOF does not mean that one cannot select other metals to prepare green MOFs or MOFs for green applications. For example, MOFs-containing rare earth metals are typically included in sensing [42] , because the balance between the toxicity issues of the metal, the low amount involved in the sensor, and the benefits of the resulting material, clearly shift towards the selection of those metal ions. Finally, and even more importantly, the costs associated to the metal selection are of great significance when an industry-based application is concerned.
Regarding the organic linkers, some of the carboxylic acids are readily available in low cost, such as fumaric, succinic or terephthalic. However, tailored linkers used to reach the enormous surface areas reported for MOF materials in research laboratories often require multistep synthetic reactions with intermediates and byproducts. To comply with GAC requirements, the number of steps has to be as low as possible, while ensuring the low-toxicity of intermediates and byproducts. In general, it should be an equilibrium between low-toxicity and adsorption capacity of the MOF when tailoring a specific ligand for analytical applications. Figure 3 includes a group of representative organic ligands. In any case, it is advisable the use of simple and even biodegradable ligands in MOF design such as peptides, carbohydrates, amino acids, and cyclodextrins. 
MOFs Synthesis
If there is a proper design of the MOF, thus implying adequate selection of precursors, the main parameters exerting an influence in the "green" synthesis of a MOF are: (i) type and duration of the input energy for the coordination bond formation, and (ii) solvent nature and volume [43] .
Metal-organic frameworks can be synthesized following different crystallization procedures, although the most common strategy is the solvothermal method. In the solvothermal approach, the metal salt and the organic linker are mixed in a solvent (usually with a high boiling temperature). Then, this solution is introduced in an autoclave, followed by heating at an adequate temperature (between 80 and 300 • C), during a certain time (in most cases, less than 96 h). Other synthetic approaches (classified as a function of the energy input) include: microwave-assisted, electrochemical, mechanochemical, and sonochemical [44] [45] [46] [47] .
Recent advances in crystallization methods for MOF materials focus on environment-friendly alternatives to the classic solvothermal method [48] . It is worth noting that most of the reactions originally carried out by the solvothermal approach can also be performed in good yields through different, more environment-friendly, and also low-cost methods [46] . Microwave heating or ultrasound irradiation are simple, inexpensive and scalable routes towards the fabrication of MOFs. The reaction times using these techniques can be shortened, resulting in high-purity phases and high yields [49] . Mechanochemical synthesis has also appeared as a promising strategy to scale up the fabrication of MOFs. It is simple, and rapid, and although it may require some solvent addition (for example in liquid-assisted grinding, LAG), they are always in small amounts [47] .
A simple change in the solvothermal reaction to make the MOF synthesis more sustainable implies the use of water instead of organic solvents. It must be noted that the most commonly used solvent, dimethylformamide, is a teratogen that readily decomposes at solvothermal temperatures into corrosive products. When using water, the main concern is the solubility of the reactants, but the use of the carboxylic acids in the form of sodium salts can help, while also precluding the formation of corrosive byproducts like HNO 3 or HCl (coming from the metal salt and the deprotonation of the acid) [50] . Other green solvents can be used to better comply with the GAC requirements, among them, ionic liquids or urea derivatives [51] . In recent years, an increasing number of hydrothermal preparations of MOFs have been accomplished at atmospheric pressure with promising results in term of yield and simplicity [52] [53] [54] [55] .
As a final consideration regarding greener synthesis of MOFs, it would be advisable to use chemometric tools during the optimization of the synthesis, such as an experimental design [56, 57] , rather than a one-factor-at-a-time optimization. This type of procedure would make it possible to minimize time and quantities of reagents when preparing an adequate MOF, and thus, would be in consonance with green chemistry.
Evaluation of MOFs Toxicity
The few studies dealing with the toxicity evaluation of MOFs are mostly related to in vitro cytotoxicity studies [58, 59] , which were usually performed to evaluate the performance of those MOFs for use as drug nano-carriers [60] . Moreover, the majority of these studies focuses on MOFs included in composites forming such carriers. In fact, most studies do not try to evaluate the MOF cytotoxicity itself, but, in general, to compare with the composite in which the MOF is included.
In the reported in vitro cytotoxicity studies, different cell lines or macrophages incubate in presence of MOFs suspensions for a certain amount of time. Afterwards, because of the appearance in the culture media of a compound coming from the cell lysis, a colorimetric detection is commonly used. The released compound is then able to react with the specific reagent of the cytotoxicity test. Among in vitro cytotoxicity tests, MTT [58, [61] [62] [63] [64] [65] , the alamarBlue ® cell viability assay [54, 66] , and CCK-8 [67] , are the most widely used with MOFs. Table 1 includes a list of cytotoxicity tests performed with neat MOFs so far, resulting in adequate cytotoxicity values [54, [58] [59] [60] [61] 63, 65, [67] [68] [69] [70] . These results support the fact that it results safe the use of relatively high concentrations of these MOFs aqueous suspensions. As a note, all these results must be taken only as qualitative data with MOFs, because conventional cytotoxicity studies are designed for soluble compounds (and only water suspensions can be prepared with MOFs). It is also important to mention that cell lines may also play an important role in the toxicity assays performed since for example macrophages are more robust cells than HeLa ones. An alternative approach to evaluate these MOFs suspensions should be proposed since the assays described so far are likely to be distant from what it is actually occurring in real conditions. Tamames-Tabar et al. studied thoroughly the in vitro cytotoxicity of up to 14 MOFs. Among other interesting results, authors observed that there were no differences in the cytotoxicity of polymorphs, thus indicating a poor effect of the MOF topology into the resulting cytotoxicity [54] . The same authors also showed that, for the same type of linker, Zn-based MOFs were more cytotoxic than Zr-based MOFs, being the less cytotoxic those MOFs based on Fe [54] . From the group of 14 MOFs tested, in vivo cell penetration studies were carried out only with MIL-100(Fe) for being the best candidate as drug nano-carrier. The studies indicated an immediate cell internalization in J774 mouse macrophages, faster than in epithelial HeLa cell lines [54] .
In the last two years, an increasing number of studies have been undertaken on the effects of MOFs on living cells from safety aspects while also taking into account therapeutic considerations [71] . Thus, Shen et al. demonstrated that the MOF MIL-101(Fe) functionalized with amino groups was able to induce cyto-protective autophagy in mouse embryonic fibroblast cells instead of cytotoxicity [71] .
Analytical Methods Incorporating MOFs
Nowadays, the main uses of neat MOFs in analytical chemistry range from analytical sample preparation (as novel sorbents) to chromatography (as novel stationary or pseudo-stationary phases) and sensing (as novel materials in the sensors) [13] . In the majority of these applications, the GAC requirements [72] cover partially by incorporating the MOFs in microextraction approaches within sample preparation, by requiring quite low amounts of MOFs when preparing the chromatographic phases, or by incorporating minimum amounts of MOFs in the sensors. In few applications, it is also possible to find many GAC aspects fulfilled, that is: green MOF designed, MOF as prepared following a green synthesis and demonstrating low cytotoxicity, plus incorporation in a miniaturized method [54] .
MOFs in Analytical Sample Preparation
Improvements in analytical extraction methods from a GAC perspective include the reduction of analysis times by using, for example, ultrasounds or microwaves to accelerate the extraction step, particularly when dealing with solid samples [73] . Regarding miniaturization, GAC approaches include the generic liquid-phase microextraction (when the extraction solvent amount rarely exceeds 0.5 mL) [74, 75] and solid-based miniaturized extraction (when the extraction sorbent amount is below 0.5 g) [76] [77] [78] methods. Among sorbent-based miniaturized approaches, it is possible to distinguish many sub-modes. Thus, micro-solid-phase extraction (µ-SPE) is quite similar to conventional solid-phase extraction, but requiring lower sorbent amounts in devices such as micro-columns, syringe tips or bodies, mini-disks, etc. Dispersive miniaturized solid-phase extraction (µ-dSPE) utilizes the sorbent material in direct contact with the sample, followed by further separation and desorption. The magnetic-based version (m-µ-dSPE) needs a magnetic material as sorbent, thus avoiding further centrifugation and/or centrifugations steps during the method, because the sorbent separates easily from the sample with the aid of an external magnet. Solid-phase microextraction (SPME), in its more conventional version, utilizes thin fibers coated with a sorbent material, whereas stir-bar sorptive microextraction (SBSME) uses a stir bar coated with a sorbent material. Table 2 shows representative examples of performance for different analytical sorbent-based microextraction techniques (µ-SPE, µ-dSPE, m-µ-dSPE, SPME and SBSME) incorporating MOFs as novel sorbent materials [54, .
If we take into consideration the idea of avoiding the use of heavy metals when designing MOFs, it is clear that many MOFs included in Table 2 present non-toxic metallic ionic centers [54, 65] , such as Zn 2+ [93] , Zr 4+ [82] or Al 3+ [54] . Regarding the synthetic solvents in MOFs preparations, most studies employ DMF [82, 90, 94] , avoiding in this way toxic chlorinated ones, such as dichloromethane or chloroform. Furthermore, the DMF volumes required are usually low (around 30 mL for 15 mg of MOF). It is noticeable that several MOFs used in these microextraction methods include water as solvent in their preparation (hydrothermal synthesis) [54, 81] . The temperatures needed during the preparation of these crystals are usually moderate, i.e., between 80 and 150 • C [94, 96] , and sometimes even room temperature [93] . Regarding the synthetic times required, they are usually less than 24 h [83, 88] , and even down to one hour or half an hour [80, 83] . Recent publications have favored the utilization of so-called bio-MOFs [90] , incorporating a bioorganic ligand in its structure (i.e., adenine).
In general, quite low amounts of MOF as sorbents are always needed [54, 82, 84] in all microextraction procedures listed, from 2 mg [80] to 60 mg [89] . Regarding extraction times, there are reported values around 3 min or even less [85] for µ-dSPE and some of its applications in the magnetic variant [89, 91] .
If we focus on the analytical applications, microextraction techniques using MOFs commonly determine organic pollutants in environmental and food samples [86, 88] , from drugs in waters [90] to PAHs in foods [96] ; and also trace metals in food and water samples [80, 83] . 
MOFs in Chromatography
MOFs, and particularly nanoMOFs, are a priori quite interesting materials as chromatographic stationary phases because their pore dimensions make it possible to significantly reduce the amount of required eluents [13] . Their applicability is still lower than that experienced in analytical sample preparation, but increasing studies are currently undertaken. As a trend, the initial studies were mostly with MOFs in gas chromatography (GC), but many MOFs are not stable at the high temperatures required in GC, and nowadays, their inclusion in liquid chromatography (LC) is much higher [19, 20] . Neat MOFs' permanent porosity is clearly favorable when used as stationary phase in LC, because it permits high flow rates through it with low back-pressure and, ultimately, favors miniaturization. Easy linkage of MOFs to silica and other composites, including their incorporation in monoliths, also favor the applicability of MOFs in LC stationary phases. Furthermore, MOFs designed to present a specific and unique chiral center type are quite attractive to perform chiral separations [100] , of the utmost importance in pharmaceutical, industrial and biomedicine applications. In any case, the incorporation of MOFs as stationary phases in GC and LC, or as pseudo-stationary phases in capillary electro-chromatography (CEC), benefits from the low numbers of MOFs required in such phases, together with the clear reutilization of such phases. Table 3 includes a summary of representative analytical applications of MOFs when included as stationary of pseudo-stationary phases in different chromatographic techniques in the last three years [101] [102] [103] [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] [115] . Mostly, MOFs form part of composites with silica or polymers in such phases [101, 102] , hardly being utilized in its neat appearance. It is important to highlight the number of applications with chiral MOFs (prepared incorporating chiral organic ligands) [108] [109] [110] [111] .
Green aspects in these applications are from the need of low amounts of MOFs to prepare the phases (from 2 mg of H 2 N-UiO-66 [103] in a capillary column to 1.5 g of γ-CD-MOF [106] in a packed column), reutilization of the as-prepared MOF-based stationary phases, MOF design, and in some cases, even their synthesis.
MOFs as Sensors in Spectroscopic and Alectroanalytical Methos
Many interesting features of MOFs justify their use as sensors in a number of analytical applications. For instance, some MOFs have semiconductor-like properties, and can serve as photoelectric materials [116] . These properties depend in some cases on the metal nature of the MOF, in other cases on the properties imparted by the organic ligands, and in others on the resulting crystal [117] . When incorporated to certain analytical spectroscopic applications, particularly luminescence-based, the MOF design is also important to ensure proper characteristics in the resulting material. In some cases, the luminescence phenomenon is due to the organic ligand of the MOF [118] , and in other cases, to the MOF itself (carefully designing the ligand with proper coordination of the ligands to the metal) [119, 120] . Table 3 . Representative examples of chromatographic stationary or pseudo-stationary phases incorporating MOFs as novel materials in the period 2017-2019. Table 4 lists some representative examples of MOFs used in spectroscopic or in electroanalytical methods in the last three years, together with information of their analytical performance [42, [121] [122] [123] [124] [125] [126] [127] [128] . The reported electroanalytical applications normally perform in electrochemical cells constituted by the electrolyte and three electrodes: a reference electrode, an auxiliary electrode (i.e., Au or Pt) and the working electrode. MOFs incorporate synthetically in the working electrode by proper modification of the support material, with the purpose of attaining ultra-functional sensors. Thus, Asadi et al. [121] and Ji et al. [117] described carbon paste electrodes (CPE) modified with neat MOFs, such as ZIF-67 and Ni-BTC. MOFs can be combined with nanoparticles with the purpose of improving the overall electrochemical behavior of the resulting composite [121] . Zhou et al. described the use of gold nanoparticles modified with aptamers (to ensure β-amyloid oligomers detection) and linked to a Cu-MOF [123] . Devices that are more complex include not only the neat MOF linked to the working electrode, but also a polymeric matrix as a part of the electrochemical system [124] .
MOF (metallic ion & ligand) Synthetic solvent (mL)/T ( • C)/time (h)
Stationary phase (type)/Type of column
Electroanalytical applications with MOFs cover techniques like amperometry [122] , differential pulse voltammetry (DPV) [123] and electrochemical impedance spectroscopy (EIS) [125] .
It is important to highlight the sensitivity of the MOF-based sensors linked to the electroanalytical applications. Thus, detection limits range from 0.8 nM for Ponceau 4R in soft drinks (only requiring 43 mg of MOF) [117] to 1.45 µM for hydrazine in waters (in this case requiring 100 mg of MOF) [121] . Furthermore, electroanalytical methods are quite efficient, fast and simple, thus in accordance with GAC. In the reported applications, there is an enormous variety in the nature of the analytes determined, from drugs [126] to peptides [123] ; and analyzing quite different samples, like waters [121] , bio-fluids [123] , and food samples [125] .
Spectroscopic applications take advantage of fluorescent MOFs. Luminescent MOFs show prominent optical properties, and relatively long emission wavelength, for which the results are quite advantageous. Furthermore, luminescence sensing has attracted great attention, owing to its high sensitivity, fast response, obvious selectivity, recyclability, and simplicity regarding the instrumentation required which, in this latter case, is also linked to low costs. All these performance characteristics represent very adequate results from a GAC point of view. Regarding additional advantages of minimization of reagents consumption in these luminescence applications, low amounts of MOFs are needed: from 2 mg of neat Zr-based MOF [118] to 50 mg of Tb-MOF-PMMA [120] . Rare earth metals [42, 120] and transition metals [127] normally form luminescent MOFs. In new green trends, the interest is tangible in obtaining luminescent MOFs with alkaline-earth metals in their structure [118, 119] , together with improvements of water stability of the resulting luminescent MOF.
As with electroanalytical applications, luminescent applications cover the determination of organic compounds [42, 120] , heavy metals [118, 127] , and even the simultaneous determination of heavy metals and organic compounds [119] , as well as with samples like serum [42, 120] , and water [120] .
Concluding Remarks
MOFs, as materials with almost endless applications in analytical chemistry, must comply with environmental requirements in order to follow properly GAC rules. Thus, assurance of their sustainability must begin with the MOF design (with the proper choice of the MOF constituents), followed by an adequate synthetic procedure and toxicity evaluation of the resulting material, ending up in an analytical method that can be categorized as a GAC method. This, in turn, requires an important collaboration between materials science and analytical chemistry, with an emphasis on green chemistry. Finally, and even more importantly, the rationale behind selecting a MOF for a particular application must always be the first step when setting up an MOF-based analytical method. 
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